Abstract. We study a fermionic dark matter model in which the interaction of the dark and visible sectors is mediated by Higgs portal type couplings. Specifically, we consider the mixing of a dark sector scalar with the scalars of a Two Higgs Doublet Model extension of the Standard Model. Given that scalar exchange will result in a spin-independent dark matter-nucleon scattering cross section, such a model is potentially subject to stringent direct detection constraints. Moreover, the addition of new charged scalars introduce non-trivial flavour constraints. Nonetheless, this model allows more freedom than a standard Higgs portal scenario involving a single Higgs doublet, and much of the interesting parameter space is not well approximated by a Simplified Model with a single scalar mediator. We perform a detailed parameter scan to determine the mass and coupling parameters which satisfy direct detection, flavour, precision electroweak, stability, and perturbativity constraints, while still producing the correct relic density through thermal freezeout.
Introduction
The Standard Model of Particle Physics (SM) has seen incredible success in explaining the physical world, as well as predicting new particles -the most recent being the discovery of the 125 GeV Higgs Boson [1, 2] . The mounting cosmological and astrophysical evidence for Dark Matter (DM), however, provides a persistent reminder that an extension of this theory is necessary. Many existing SM extensions provide viable DM candidates -supersymmetry, axions, and sterile neutrinos to name a few. One general class of DM candidates are Weakly Interacting Massive Particles (WIMPs). These are favoured phenomenologically due to the so called "WIMP miracle", in which a particle with mass and coupling parameters comparable to those of the electroweak interactions can reproduce the correct relic abundance via thermal freezeout [3, 4] .
To interpret searches for DM signals, it is necessary to model the details of the particle interactions somehow. Since there are such a large number of theories that provide a possible DM candidate, model-independent descriptions that capture the pertinent features of the physics are desirable. The most simplistic way to model the interaction, while still allowing all possible Lorentz structures, is to construct an Effective Field Theory (EFT). The interactions are then described by non-renormalizable operators, obtained from some more complete theory (about which we remain agnostic) by integrating out higher energy degrees of freedom. Such a description will be valid provided that the mass scale of the mediating particle(s) is much larger than the relevant momentum transfer. For example, EFTs are typically a good approximation for Direct Detection (DD), as the momentum transfer in DM-nucleon scattering is sub-GeV and hence significantly smaller than the electroweak scale at which new DM physics might be expected to emerge.
EFTs, however, suffer potential validity issues at collider energies [5] [6] [7] [8] [9] [10] [11] where the momentum transfer may be comparable to or larger than mass of the particles that have been integrated out. For this reason, DM EFTs were quickly superseded by the Simplified Model framework [10, 12] which, in addition to the DM candidate, explicitly introduces a particle to mediate the interactions. This is clearly superior to the EFTs, as it enables resonances or on-shell production of mediators to be considered. The three most commonly considered Simplified Models involve SM fermions interacting with fermionic DM via the exchange of a gauge singlet spin-0 or spin-1 mediator in the s-channel, or a colored spin-0 mediator in the t-channel [13] [14] [15] [16] [17] .
While the Simplified Models provide a convenient form to constrain, the earliest versions studied were often too simple to be physically self-consistent. This is because they did not impose desirable constraints such as gauge invariance, unitarity, and renormalizability [18] [19] [20] [21] [22] [23] [24] [25] [26] ; ad hoc field additions are required to restore these features. For example, if a massive spin-1 mediator has non-zero axial vector couplings, new physics is required to avoid violating perturbative unitarity. In this case, if we assume the spin-1 field is a gauge boson of some dark-sector symmetry, unitarity can be satisfied via the introduction of a dark Higgs to unitarize the longitudinal polarization of the mediator [22] . This can meaningfully alter the phenomenology, and open possible new discovery channels [23, 26] . Moreover, even invariance under SM gauge symmetries was not originally imposed on the Simplified Models. An example is a gauge singlet spin-1 mediator which couples with unequal strength to lefthanded up and down type quarks, thus breaking weak isospin. This can lead to the cross sections for certain processes, such the mono-W collider signal, increasing indefinitely with the center of mass energy [18] [19] [20] ; something that is not possible in a UV-complete theory.
Our focus in this paper is the s-channel scalar mediator scenario. Here is it very clear that a one-mediator simplified model is inadequate. If we assume a fermionic DM candidate that is a singlet under the SM gauge group, the DM bilinear χχ can couple only to an SU(2) l singlet scalar, while the SM bilinear f f can couple only to an SU(2) l doublet scalar mediator. Therefore, the minimal gauge invariant model involves the mixing of a singlet scalar with the SM Higgs doublet, as described in [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . This case is heavily constrained, particularly when the DM is relatively light, by a combination of Higgs invisible width measurements [37] [38] [39] , direct detection constraints [40] , and precision electroweak constraints [32, 40] .
The simplest way to allow greater freedom for scalar mediator models is to mix the singlet scalar not with the SM Higgs, but with another SU(2) l doublet scalar. This can be readily accomplished using the framework of a Two Higgs Doublet Model (2HDM). This is a familiar and well-studied extension to the SM [41] [42] [43] [44] arising predominantly, but not exclusively, in supersymmetric and Grand Unified Theories. A number of recent papers have discussed the mixing of a gauge singlet pseudoscalar mediator with the pseudoscalar of a 2HDM [45] [46] [47] [48] [49] [50] [51] . Given that the SM itself contains no pseudoscalar boson (after symmetry breaking) this is the minimal gauge invariant model in which DM interacts with the SM via a pseudoscalar mediator. This paper will instead consider the mixing of a CP-even scalar singlet with the additional real neutral scalar of a 2HDM, after symmetry breaking. In previous work, we outlined the construction of such 2HDM+S models, with a focus on possible Yukawa structures [40] . Our aim in the present paper is to perform a thorough analysis of the viable parameter space of the 2HDM+S model, and discuss its associated phenomenology. This will be achieved by performing a detailed scan over model parameters, to identify values which satisfy relic density and direct detection constraints. We shall also impose constraints on the charged scalars arising from flavour physics, along with stability, perturbativity and electroweak precision requirements. Importantly, we shall find a significant portion of viable parameter space that cannot be approximated by a naive single-mediator Simplified Model. The 2HDM+S has a richer spectrum of possible DM annihilation modes than a single-mediator model. Besides the obvious additional annihilation channels due to the extra scalar, final states consisting of charged scalars, pseudoscalars, and gauge bosons are also present. These additional channels, such asχχ → Z 0 A (where A is the pseudoscalar of the additional SU(2) l doublet) can contribute significantly to the annihilation cross section. Furthermore, the DM-nucleon cross sections relevant for direct detection are sensitive not only to the interference of contributions from the mixed scalar mediators but also, depending on the Yukawa structure, to relative cancellations between different quarks in the nucleus. As such, the additional freedom in the Yukawa sector of the 2HDM allows DM-nucleon scattering to be suppressed without hindering relic density production.
We outline 2HDM+S model in Section 2 and describe the constraints in Section 3. We discuss the results of our parameter scan in Section 4 and present our conclusions in Section 5.
The 2HDM+S Gauge Invariant Simplified Model: 2HDM + Singlet Scalar S
We shall consider a Dirac DM candidate, χ, and expand the scalar sector of the SM to include two Higgs doublets, Φ 1 and Φ 2 , in addition to a real singlet scalar field, S. In the following two subsections we outline the scalar potential, which controls the mixing between the CP even scalars, and the Yukawa structure, which dictates the coupling of those scalars to the DM and SM fermions.
The Scalar Sector
It is convenient to rotate {Φ 1 , Φ 2 } to the Higgs basis {Φ h , Φ H }, which is defined such that only one of the two doublets obtains a vev 1 . Taking Φ H = 0 and Φ h = v ∼ 246 GeV, the two Higgs doublets are then defined by Φ h = cos βΦ 1 + sin βΦ 2 
2)
The scalar potential consists of the usual 2HDM potential, augmented by terms involving the new singlet scalar S. We will assume that the scalar potential has a spontaneously broken Z 2 symmetry for the particle S. This may arise naturally, for example, in the case where S is part of a complex scalar charged under a dark U (1) gauge group. The scalar potential is thus given bŷ Type I cot β cot β cot β Type II − tan β cot β − tan β Type X cot β cot β − tan β Type Y − tan β cot β cot β Inert 0 0 0 Table 1 : Values of the Yukawa scaling factors, u,d,l which correspond to models with discrete Z 2 symmetries.
The Yukawa Sector
The only portal between the DM and other fields is via its Yukawa coupling to the singlet scalar,
We will assume that the DM particle has no bare mass term, and that its mass is instead generated by the vacuum expectation value of the singlet scalar, i.e. m χ = y χ v s with S = v s . Although this is not strictly necessary, such a scenario arises naturally if DM is a chiral fermion charged under some dark gauge group that is broken spontaneously by the vev of S. This assumption adds a constraint between the DM mass and the DM Yukawa coupling, removing the freedom to accommodate the relic density by varying these two parameters independently. We will express the Yukawa interactions of the SM fermions with the Higgs doublets as
and we will assume that the Yukawa matrices of the additional doublet are proportional to the SM ones:
20) 21) where the i are Yukawa scaling factors, with i = u, d, l. This Yukawa structure is the so called Aligned Yukawa model [52] [53] [54] [55] [56] , which satisfies Natural Flavour Conservation. In special cases where the i satisfy certain relationships, the Aligned Yukawa structure can correspond to one of the Z 2 symmetric Yukawa structures (Type I, II, X or Y), as shown in Table 1 . While we will determine constraints for both Type I and Type II Yukawa structures, we will also include results for more general choices of the scaling factors that satisfy the Aligned Yukawa criteria. See [40] for a more detailed discussion of the Yukawa structure in these models.
Constraints on the 2HDM+S scenario
In this section we will outline the constrains that apply to our model arising from relic density requirements, DD data, flavour, stability of the potential, and precision electroweak observables.
Figure 1: Dominant DM annihilation channels, where (S i , S j ) is one of these scalar final states:
DM Annihilation Processes
The 2HDM+S scenario has multiple DM annihilation channels. There are tree-level annihilations to fermion-antifermion pairs, scalars (the SM Higgs, the two neutral scalars, the pseudoscalar, and the charged scalars) and/or the electroweak gauge bosons, namely:
AA, AZ, S 1 h, and S 2 h -these are shown in Fig. 1 . This is to be compared with a single mediator model in which only the f f and SS channels are present. Note that since all diagrams involve χ-scalar vertices (including those with gauge boson final states) they are all p-wave processes.
As such, while we will easily be able to find parameters that accommodate the observed relic density, there will be no constraints arising from indirect detection because the p-wave annihilation processes are highly velocity suppressed in the late universe. If the DM particle is relatively light, such that annihilation to the scalars and electroweak bosons is kinematically forbidden (m χ 80 GeV), the only annihilation channels that remain open are the fermionic ones. This case is heavily constrained, as the dominant annihilation channel is then bb, which is suppressed by the bottom Yukawa coupling and thus usually requires resonant enhancement to accommodate the correct relic density.
If, instead, the DM particle is heavy enough to annihilate to the Higgs, electroweak gauge bosons and/or the new scalars, then these final states will likely dominate due to the Yukawa suppression of annihilations to fermions (top excluded). Because all of these annihilations are governed by scalar and electroweak couplings -and exist due to gauge invariance, independent of the Yukawa couplings of the second doublet -they are also present, for example, in the limit where the second doublet is inert. This ability to produce the correct relic abundance independent of Yukawa structure means that DM can be adequately produced while avoiding any Yukawa dependent constraints (e.g. DD, neutral meson mixing, b → sγ, µ → eγ, etc.).
We implemented the model in Feynrules 2 [57, 58] and output the model with the CALCHEP interface [59] . We then used micrOMEGAs [60] to perform the relic density calculation, where we included 3 body final states with off-shell gauge bosons. We also double checked the results by calculating the annihilation cross sections, which are reported in Appendix A.1. In the case where the parameter values are away from resonances and annihilation thresholds, one can use the wave expansion of the cross sections. The p-wave coefficients of these expansion are also reported in Appendix A.1. Sommerfeld enhancement can significantly increase the DM annihilation cross section [61] [62] [63] , provided at least one of the scalars is both sufficiently light compared to the DM, and strongly coupled to the DM particle. In practice, for the parameter range we consider, this leads to O(1) corrections to the cross section; a discussion is provided in Appendix A.3.
Direct Detection
We will generate DD constraints using the 2016 LUX [64] and XENON1T [65] data, via an effective operator approach using tools from [66] . The scattering of DM with nuclei will be dominated by the diagram shown in Fig. 2 , resulting in a spin-independent scattering cross section. The only relevant nucleon operator is
and, by integrating out the mediators, we obtain a coefficient of [40] 
As there are contributions from exchange of the two scalars, with a relative negative sign, there is the possibility for destructive interference when the masses of S 1 and S 2 are comparable. Alternatively, it is possible to have destructive interference between the up-type quarks and the downtype quarks in a scattering process. While the S 1 -S 2 interference will be a feature of any model with two scalar mediators (such a singlet scalar mixed with the SM Higgs) the u-d interference requires the additional Yukawa freedom provided by the 2HDM framework. If we adopt the values of f T i obtained by [67] , then one finds that a ratio of u ∼ −1.6 d will result in exact cancellation of the DD signal 3 . For example, this cancellation will occur in a type II 2HDM when tan β = | It is noteworthy that the relic density annihilation processes will be unaffected by this u-d interference, as there is no interference between different final state quarks. Moreover, DD constraints can be avoided by taking the scalar mixing to be small (either θ → 0 or θ → π/2), while still being able to produce the correct relic density via annihilation to a pair of scalars. We can thus have a scenario where DD is highly suppressed yet relic density constraints are easily satisfied. Finally, while both the DD cross section and relic abundance will depend on u , only DD will be sensitive to d , as annihilations to bb are usually negligible. Because of this, we will present DD constraints for different possible choices of d .
Flavour Constraints
As we have chosen to work with an aligned 2HDM, i.e. where the second Higgs Yukawa couplings are simply proportional to the SM Yukawa couplings, there are no tree-level Flavour Changing Neutral Currents (FCNCs). The presence of a charged Higgs, however, implies flavour changing vertices will still be present, and allows FCNCs to be generated by loops. The strength of the flavour changing processes will therefore depend only on M H + and on the Yukawa scaling factors, u and d , which can then be constrained by flavour physics. For example, the neutral meson mixing B 0 s -B 0 s , which is mediated by a W ± box diagram in the SM, will receive new contribution from the three diagrams shown in Fig. 3 that contain H ± exchange. Constraints on the mass of the charged Higgs, as a function of the Yukawa scaling factors u and d , are taken from [71] . Note that, at one loop level, our model with the additional singlet is identical to the Aligned 2HDM for the purposes of neutral meson mixing.
Electroweak Precision Observables and Stability of the Potential
We also account for limits on precision electroweak observables. It can be shown that the potential of Eq. 2.3 breaks custodial symmetry [72] [73] [74] [75] [76] [77] (in particular the λ 4 , λ 5 and λ hHS terms) and leads to contributions to precision electroweak observables, unless M A = M H + . The most relevant observable is the ρ parameter, which receives a contribution of
Figure 4: Parameters space in the λ 4 -λ 5 plane. The blue region is the one considered in our parameter scan, and satisfies stability and perturbativity conditions. The orange, green, red and purple regions satisfy the ∆ρ limits for the benchmark points M S 1 = 200 GeV, M S 2 = 400, 1200, 1600, 400 GeV and sin θ = 0.35, 0.35, 0.35, 0.94, respectively. The black cross-hatched region is excluded by the bounded from below conditions for the potential at tree level.
where
One can verify that ∆ρ = 0 for
log(x/z). (3.6) This agrees with the result of [49] for the mixed pseudoscalar model (upon replacing cos 2 θ with sin 2 θ, due to a difference in the way the mixing angle is defined). Fig. 4 shows the parameter region we consider for λ 4 , and λ 5 , and some example regions which satisfy the constraint on ∆ρ, for different choices of the scalar masses and mixing parameters. The constraint is significant only when the mixing angle is close to 0, i.e. the scalar in the doublet is mostly the lighter of the two, and the mass difference between the two is large.
The scalar potential must also satisfy Bounded From Below (BFB) conditions. This was discussed in [40] where we derived requirements that are necessary but not sufficient. The BFB conditions alone, however, do not guarantee that the chosen minimum is stable, i.e. that it is a global minimum. Therefore, when performing the parameter scans presented in Section 4, we check that each point chosen lies in a global minimum by numerically minimizing the tree level potential.
Note that this procedure is conservative. Indeed, to check the stability of a point one should calculate the 1 loop corrections to the potential, which can potentially have an important effect on the stability of 2HDM potentials if the scalar couplings are large enough. In particular, Ref. [78] found that most points that are stable at tree level are also stable at 1-loop, while many points that are excluded by the tree level BFB conditions are actually stable when 1-loop corrections are included 4 . Thus, for simplicity, we chose not to include 1-loop corrections; we expect that including them would result in a small increase in the allowed parameter space.
Collider Constraints
Dark Matter searches at colliders are currently interpreted in terms of Simplified Models [10, 12] . The CMS and ATLAS collaborations have created a set of common interpretation strategies [13, 14] to harmonize the way results are interpreted, reported and compared. The first set of Simplified Models [10, 12] did not impose gauge invariance, thus the new mediators featured only couplings to DM and quarks. Because of this, the most effective search strategies were Monojet+ / E T [79] [80] [81] [82] , Di-jet [83] [84] [85] [86] [87] [88] or bb, tt [89] [90] [91] [92] resonance searches and, in the case of scalar mediators, bb + / E T , tt + / E T final states [93] [94] [95] [96] . Other channels, like W/Z + / E T , γ + / E T , h + / E T were considered [97] [98] [99] [100] [101] [102] [103] and despite being much cleaner channels with much smaller backgrounds, were usually not competitive with the former ones. By including gauge invariance, Simplified Models with scalar mediators automatically include new couplings to Higgs and gauge bosons [40, [47] [48] [49] . Thanks to this, W/Z + / E T and h + / E T can now provide competitive limits with j + / E T , tt + / E T and Di-jet searches [104] [105] [106] . In particular, it was pointed out that for certain mass spectrums it is possible to achieve resonant production [47] [48] [49] 107] , where the heavier of the two new scalars is produced by gluon fusion with a top loop, and then decays to the lighter of the two scalars together with a SM boson, with the lighter scalar decaying invisibly to DM thereafter. This kind of mechanism has been shown to provide an easily detectable mono-Z/h signature when M S 1 370 GeV, 1.2 TeV M S 2 M S 1 + M h/Z , and M S 1 > 2m χ [49] . The upper bound on M S 1 is due to the fact that, at larger masses, the new scalar will to decay predominantly to top pairs instead of invisibly, reducing the efficiency of the search. Unfortunately, the required mass spectrum for this resonant production is mutually exclusive with the parameters required to achieve the correct relic density, at least in the minimal scenario with just two new scalars. In fact, as we will see, in the low mass regime we require at least one of the two scalars to be lighter than 2m χ to be able to achieve the right relic density, making the two benchmarks mutually exclusive. Other possible search strategies proposed include also vector boson fusion signatures [108, 109] and trying to detect the interference effects in bb, tt, ττ resonances [110, 111] .
Parameter Scan

Parameter Ranges
The independent parameters present in the model are
This set of parameters, through the minima condition and the diagonalization relations, together with the additional constraint m χ = y χ v s , determine all other parameters of the model 5 . The scan is performed in the following range:
while forλ 4 andλ 5 we scan over the region shown in Fig. 4 . These ranges for the couplings were chosen so that most of the points will satisfy unitarity and perturbativity bounds, which was checked via the scalar scattering matrices as in [40] . Points are selected if they have a relic density between 0.1 < Ωh 2 < 0.14 and satisfy all bounds from flavour, unitarity, perturbativity, tree level vacuum stability, and DD constraints. The relic density is insensitive to the value of d , while the DD results depend on the relationship d and u . We set d = u for the scans presented in Fig. 5 and Fig. 6 (with the exception of the right panel of Fig. 6 , which enforces no DD constraint and hence has no d dependence). In Fig. 7 and Fig. 8 we explore additional relations between the scaling factors.
We have chosen to define S 1 to be the lighter of the 2 scalars, and allow θ to range from 0 to π/2. As one can always switch the two scalars by sending θ → π/2 − θ, an equivalent choice would be to take 0 < θ < π/4 without requiring any mass ordering.
Scan Results and Discussion
We present the results of the parameter scan in Fig. 5 and 6 , where the colour of the points indicates the dominant annihilation channel. Note that, for clarity, we have plotted only 25% of the points where the dominant annihilation channel is to H + H + , and 10% of the points for S 1 S 1 ; annihilation to these final states is by far the most frequent.
In the top left panel of Fig. 5 we show the points of our scan that yield the correct relic density in the m χ -y χ plane. The blue line represents the relationship between y χ and m χ that one would expect for a cross section of σv ∼ y 4 χ v 2 /16π 4 m 2 χ , which applies to a pure χχ → S i S i scenario. The points for which χχ → S 1 S 1 and χχ → S 2 S 2 are the dominant annihilation channels are originally centered along this line, however once we include Sommerfeld enhancement the cross sections becomes larger and thus require a lower coupling to accommodate the correct relic abundance. This results in 5 The phase of the DM Yukawa can always be reabsorbed, so one can chose yχ and vs to be both real and positive. Figure 6 : Points of our scan of parameter space that produce the correct relic density. The colours represent the dominant annihilation channel, as shown above. 15000 points are taken that survive the constraints, and of them only 25% of the H + H − channel and 10% of the S 1 S 1 channel are shown for clarity. Λ is the effective cut-off scale for the DD effective operator; the dotted orange line represents the constraint from the LUX 2016 results [64] , the solid blue represents the XENON1T experiment [65] , the dashed blue the projection for the XENON1T experiment with 2t · y of data taking, the dotted blue the projection for the XENONnT experiment with 20t · y of data taking [112] , and the magenta is the DD sensitivity at the "neutrino floor" [113] .
the points where χχ → S 1 S 1 dominates being pushed slightly below the line 6 . There is also a region with substantially lower values of y χ , where DM annihilations are on resonance, and in this region the dominant channels are the ones with final state gauge bosons, charged Higgs bosons and pseudoscalars. Finally, there is a region where the dominant annihilations are to tt pairs, with intermediate values of y χ , that appears to bridge the gap between the S i S j region above and the resonance region below.
In the top right panel of Fig. 5 the same points are presented in the m χ -θ plane. The red points accumulated at θ ∼ π/2 (meaning that the lighter of the two scalars is mostly the singlet) indicate a nearly secluded DM sector where the DM relic density is achieved by annihilation to the (nearly unmixed) scalar singlet, which later decays to SM particles. Final states ZA and tt also seem to prefer angles in the upper half of the plot, while S 1 h, H + H − , and H + W − seem to prefer the lower half. Finally, annihilations to S 1 S 2 are favored in the large mixing angle region near θ ∼ π/4; this region is poorly populated as some degree of fine tuning is necessary to achieve such mixing angles.
In the bottom left panel of Fig. 5 we show the points in the M S 1 -m χ plane, where the black solid line represents the s-channel resonance condition for the lighter scalar, M S 1 = 2m χ . From this plot we can indeed verify that the χχ → ZA points featuring low values of y χ in the top left panel of Fig. 5 are usually centered around the resonance region, while annihilations to S 1 , S 2 and S 1 h usually lie well above the S 1 resonance line. By comparing this plot with the one relevant for the (single) scalar mediator model in [114] , we observe that our allowed regions approximately correspond to the regions for which [114] obtained underproduction of the relic abundance. This is not unexpected, as in our case the Yukawa couplings are not fixed to one but allowed to vary, and are further suppressed by mixing angles factors.
In the bottom right panel of Fig. 5 we instead plot in the M S 2 -m χ plane, where the black solid line represents the s-channel resonance condition for the heavier scalar, M S 2 = 2m χ . In this figure, we can note that points with annihilations to neutral scalars are usually above the resonance line, with the S 2 S 2 final states featuring the lowest values of M S 2 , and then S 1 S 2 and S 1 S 1 featuring larger and larger values. In the region where both S 1 S 1 and S 2 S 2 final states are kinematically allowed, the branching ratio to the latter is usually enhanced by larger cubic scalar couplings. Along the resonance line we find instead most of the points for which annihilations to tt, W + H − , and S 1 h dominate (and a large portion of the H + H − points). Below the resonance line we find all the points where the ZA channel dominates (which, as we saw in the bottom left panel of Fig. 5 , usually have 2m χ ∼ M S 1 < M S 2 and hence proceed via an S 1 resonance) and some of the points of the S 1 S 1 channel.
In the left panel of Fig. 6 we consider the M S 1 -M S 2 mass plane, where we can see that points with annihilations to scalars are all concentrated in the region M S 1 500 GeV, with the annihilations to S 2 S 2 in the M S 2 700 GeV region. The points of the other channels are instead usually in the region M S 1 500 GeV.
In the right panel of Fig. 6 we show the points from the scan in the plane m χ -Λ, where Λ is effective scale of the nucleon operator m N Λ 3N Nχχ relevant for DD. In this plot we also show the points that are excluded by LUX [64] and XENON1T [65] . The dotted orange line indicates the current bound from LUX, while the blue solid line indicates the one from XENON1T. The dashed and dotted blue lines indicates projected exclusions limits for XENON1T after 2 ton-years and 20 tonyears of data taking, respectively, while the magenta line indicates the sensitivity corresponding to the "neutrino floor" where low energy solar neutrinos present a significant background for DD searches [113] . While the next generation DD searches will probe a significant portion of the low-mass parameter space of this model, a sizable number of points lie beyond the neutrino floor (particularly those for whichtt, H + H − , ZA, or W ± H ∓ are the dominant annihilation modes -i.e. the points on resonance).
In Fig. 7 and Fig. 8 we explore the impact of different choices of Yukawa structure on the DD constraints. In Fig. 7 we examine which points are excluded when d = u , d = 0, or d = − u (Note that the previous figures assumed a Type I Yukawa structure, where u = d ). Of these choices, the condition d = u leads to the largest number of excluded points (the allowed points in this case are in grey). In comparison, the condition d = − u results in the weakest exclusion (grey, blue and green points allowed, with only red eliminated) due to significant u-d interference.
In the top left panel of Fig. 7 one can see that points which satisfy the relic density requirement via annihilation on resonance (the band below y χ 0.5) are are currently out of reach for DD is shown on the RH axis of the lower plot.) The constraints were generated using the 2016 LUX [64] and XENON1T [65] data, and tools from [66] .
experiments, which is because they typically feature values of the couplings that are too small. In the top right panel of Fig. 7 we can see that DD is most sensitive to points with low M S 1 , and an M S 2 value that is not too large. The latter condition comes from the fact that the larger the mass difference M 2
, the smaller the mixing angle, resulting in an effective suppression of the quark couplings. We see that DD is mostly sensitive the low values of M S 1 300 GeV, as expected. These points are usually characterized by a mixing angle close to θ = π/2 (see upper right panel of Figure 8 : Detection detection constraints for a Type II 2HDM Yukawa structure. The grey points are allowed while the red points are excluded. The constraints were generated using the 2016 LUX [64] and XENON1T [65] data, and tools from [66] .
and lie in the region where Sommerfeld enhancement is O(1) but not negligible. Finally, from the bottom panel of Fig. 7 we can see that, even though DD is more sensitive to larger values of u , this is indeed not the dominant parameter (rather, M S 1 is). One is able to exclude some of the points down to values as low as u ∼ 0.2 (i.e. tan β ∼ 3 − 5 in a Type I model). Finally, in Fig. 8 we show the same plots for a Type II (or Y) 2HDM. In these plots, grey points are allowed while red points are excluded. In the case of Type II, we see that many more points are excluded. This happens because large values of tan β (corresponding to low values of u ) enhance the couplings to d, s quarks, resulting in a much larger nucleon operator coefficient in Eq. 3.2. Note that for the Type II 2HDM, the up and down quarks have Yukawa couplings of opposite sign, and therefore we have negative interference between flavours. Such interference is maximal near tan β ∼ 0.8 where indeed the limits are very weak. These facts together explain why the excluded points in the Type II example of Fig. 8 are concentrated near u = 0 (large tan β) while in the Type I example of Fig. 7 they are more concentrated near u ∼ 1.
Conclusions
We have analysed the scenario in which DM communicates with the visible sector via an s-channel scalar mediator. In this situation, a model with a single mediator is inadequate; the minimal selfconsistent, gauge invariant model involves the mixing of a singlet scalar with the neutral CP-even component of a Higgs doublet. Because mixing with the SM Higgs doublet is constrained, we have instead considered the mixing of the singlet scalar with the additional scalar in a two Higgs doublet model. Even though this model features an undesirably larger parameter space than the Simplified Models previously considered, there are some important new features that arise.
Due to the singlet-doublet mixing, the scalar mediators automatically couple to the electroweak gauge bosons and the SM Higgs boson, as well as the charged scalar and pseudoscalar that arise from the 2HDM. This opens up a number of new DM annihilation channels. While annihilation to the scalar mediators (S 1 S 2 , S 1 S 2 and S 2 S 2 ) typically dominates when kinematically allowed, there is a sizable portion of parameter space for which annihilation to H + H − has the largest branching ratio, while channels such as ZA, W ± H ∓ , hS 1 andtt tend to dominate when the annihilation proceeds via an s-channel resonance. Notably, the DM relic abundance can be adequately achieved via freezeout without any significant coupling of the DM to SM fermions. This implies the strongest beyond Standard Model signals might not be in interactions with SM fermions, but with the Higgs or gauge bosons. This is a clear difference from the one-mediator simplified models.
There will always be two scalar mediators, and they will in general interfere. Interference effects have been shown to be important in DD, as they generate blind spots when the mediators have similar masses. This interference between the two mediators will be present in every process, so will also affect relic density production. There is, however, an additional source of interference that affects DD alone: the interference between different flavours. This happens if up and down quarks have different-sign Yukawa couplings as, for example, in Type II 2HDMs. As the DM annihilation cross section has a negligible dependence on the down quark Yukawas, any parameters that produce the correct relic abundance can avoid DD constraints with a suitable choice of down quark Yukawa couplings. In this regard, the Yukawa freedom introduced by the 2HDM is an important feature of the model. We performed a scan over model parameters, to determine values which produce the correct relic abundance while satisfying DD, flavour, precision electroweak and other constraints. We found that the model can naturally produce the correct relic density with couplings in the range λ i ∈ [0.1, 1], for DM masses m χ 100 GeV. This can be accomplished independent of the Yukawa structure chosen, as the dominant annihilation channels are typically those to scalars and hence the most important parameters are the DM mass m χ and Yukawa y χ , and scalar masses M S 1 ,S 2 . We also examined the DD constraints on parameters with viable relic density production. Here we found that, in the optimistic scenario where one has constructive interference between flavours ( u = d = cot β for Type I) DD is able to probe only the parameters where one of the scalars is below 250 GeV.
Alternatively, for Type II Yukawa structures, the DD limits are very weak around tan β ∼ 1 (where u = − d ) but much stronger at large values of tan β = 1/ u where the enhanced down quark couplings dominate the scattering cross section. In this case DD has sensitivity to scalar masses as large as 500 GeV.
A Relic Density Calculation
A.1 Relic Density Cross Sections
The expressions for the DM annihilation cross sectionsχχ → final states are shown below. Note that the width of the mediators have been omitted from these expressions, but can be easily restored by substitutions such as M 2
A.2 General Relic Density Calculation Formalism
We use micrOMEGAs [60] to make our parameter scan. In regions away from resonances and thresholds, however, it is much faster to use the expressions from A.1 to make an analytical calculation. The relevant formalism is defined in [3, 4] . All the necessary formulae can be found in Appendix B of [118] . Here we cite only the final ones, giving the expression of the relic density and freezeout temperature: where x F = m χ /T F , where T F is the freezeout temperature, g is the number of degrees of freedom of the DM particle, and is 2 for a Dirac fermion or 1 for a Majorana fermion, c is an O(1) constant, g is the number of relativistic degrees of freedom, and M Pl = 1/ √ G N is the Planck mass. In our case, when using the wave expansion we will always get the s-wave term a = 0, thus this formula further simplifies to
By solving Eq. A.37 numerically, one can find a simple fitting function for the value of x F (and of the relic density) in the case of pure p-wave processes: which is the blue line plotted in Fig. 5 (a) . Note that this means the coupling y χ will exceed 4π at m χ ∼ O(100 TeV) [116] .
